Myeloma cells have been synchronized by isoleucine starvation. Changes in RNA synthetic rates as a result of starvation have been studied. The ability of isolated nuclei to synthesize RNA declines on starvation and increases subsequently on refeeding isoleucine. There is a coordinate drop in synthetic rate for all three polymerases both iri vivo and iri vitro. The chain elongation rate iri vitro is the same in starved and normal cells, so the difference is in the number of active polymerases ill vitro. However, the nuclei do not exactly parallel the state of the cell from which they were isolated, but the in vitro RNA synthesis increases more slowly than the iri vivo RNA synthesis. There is no change in relative amounts of synthesis by the different RNA polymerases. The in vitro RNA product is similar in starved and growing cells. 
Here we report the effects on RNA synthesis during synchronization of mouse myeloma cells by isoleucine starvation.
As an assay for capacity for RNA synthesis isolated nuclei as well as uptake of H-uridine by whole cells were used as criteria. The results indicate that a shiftdown accompanies starvation which is general, affecting all classes of RNA equally.
Thus RNA synthesis is controlled differently in these tumor cells than in cells capable of normal growth control.
MATERIALS AND METHODS

Cell growth and synchronization
Mouse myeloma cells (clone 66-2) were grown as previously described (7) in Dulbecco's Modified Eagles Media and 10% horse serum. For synchronization, cells in log phase (2-5x10 / ml) were centrifuged at low speed (400 rpm) for 5 minutes, washed once in media(-)isoleucine, centrifuged again and suspended at a concentration of 2-4x10 cells/ml in media(-)isoleucine + 10% horse serum. Centrifugation at the indicated speeds or below was critical otherwise cell death occurred during starvation (it was not critical if the cells were not going to be starved). The synchronization could be carried out in media containing 1% the normal amount of isoleucine.
The cell number increased 25% in the 16 hours after starvation and remained stable for at least 36 hours. Further starvation resulted in cell death. Addition of isoleucine was followed by resumption of growth in a synchronous fashion. Cell number remained constant for 14 hours and doubled by 18 hours. All cells were capable of resuming growth.
Preparation of nuclei and measurement of RNA synthesis
Nuclei were prepared exactly as described previously (7) .
The nuclei were assayed for RNA synthesis exactly as described (7) Nuclei were suspended in the homogenizing buffer (10 nuclei/ml) and an equal volume of. 1% SDS-10 mM EDTA added, followed by 2 M NaAc pH5 to a final concentration of 0.2 M.
RNA was extracted at 55°C for 5 minutes with an equal volume of phenol-chloroform (2:1). RNA was synthesized ill vitro and prepared as previously described. (7, 9) Analysis of RNA RNA was analyzed by sucrose gradient centrifugation and gel electrophoresis as previously described (7, 9) . Radioactivity was detected by fluorography using X-ray film exposed to an absorbance of 0.15 at 550 nanometers (10).
Rate of Chain Elongation
Nuclei were incubated in the standard reaction containing 25 yM GTP (but no label) for 5 min.utes . H-GTP was rapidly added (final GTP concentration 50 yM) and incubation continued for one minute. The RNA was isolated and analyzed on 10-40% sucrose gradients. RNA larger than 18S was pooled and precipitated with EtOH. The RNA was digested with ribonuclease T2
(1 unit/40 ugm RNA) at 37% for 3 hours at pH 4.5. The digest was chromatographed on Whatman #1 paper developed with butanol: 0.1 M NH^ Cl (6:1) for 24 -hours. The paper was cut into 1 cm.
strips and the nucleotides eluted with 0.5 M NaOH and counted in a Triton-toluene scintillation fluor.
RESULTS
Synchronization of Cells
Cells were readily synchronized by isoleucine starvation.
After addition of isoleucine, DNA synthesis and histone synthesis were initiated in about 5 hours (Fig. 1 , Table I ) The specific activity of cytoplasmic 4S RNA also increased in parallel to the increase in rate of total RNA synthesis.
Thus RNA'polymerase III was affected iii vivo in parallel with the other polymerases.
RNA Synthesis in vitro
The above results suggested a shiftdown on a removal of isoleucine affecting RNA synthesis generally. To study this independently of possible effects on uridine transport and UTP pool sizes, nuclei were prepared from cells from various stages and assayed for ability to synthesize RNA. The nuclei from isoleucine starved cells exhibited a reduced rate of RNA synthesis (about 30% of exponentially growing cells).
There was a rapid decrease in ability of isolated nuclei to synthesize RNA on starvation of cells for isoleucine. The kinetics of synthesis were similar, with linear incorporation for at least 30 minutes. On readdition of isoleucine there was a detectable increase in RNA synthesis after 3 hours and a continued increase up to 8 hours after isoleucine addition, at which time the rate approached that of exponentially growing cells (Fig. 2 ) .
There were more variable results obtained with nuclei from cells isolated 1 or 3 hours after refeeding isoleucine, while the effects of starvation and at longer times after refeeding isoleucine were highly reproducible.
Proportions of different RNA polymerases
Using a-amanitin the proportion of RNA polymerase II activity was determined at different times after isoleucine starvation and refeeding. In all cases a-amanitin at 1 ygm/ml inhibited synthesis 40-45%. There was no change in the relative proportions of RNA polymerase I and II activity in the isolated nuclei.
The RNA product formed in nuclei from starved cells was indistinguishable from that in control cells by sucrose gradient centrifugation. A portion of the RNA synthesized in vitro (10%) was low molecular weight RNA which on gel electrophoresis migrated identically with 5S and 4.5S tRNA precursor (see Fig. 4 ) . The observed changes in rates of synthesis in isolated nuclei were not due to differences in the stability of the RNA product as the kinetics of synthesis were identical and the RNA product was stable during a chase with unlabeled GTP.
Thus the relative proportion of different polymerases active in vivo did not change on starvation or after refeeding isoleucine. These data are summarized in Figure 2 .
Rate of Chain Elongation
The rate of chain elongation in isolated nuclei was determined by analysis of the GMP/G-.t, ratio in high molecular weight (>18S) RNA sunthesized in a 1 minute label in vitro. To avoid artifacts due to completion of chains, label incorporation was initiated 5 minutes after transcription was started and only high molecular weight RNA was analyzed.
The rate of chain elongation did not change under isoleucine starvation but remained constant at 5 nucleotides/sec.
( Table II) . This was true even though the rate of synthesis was reduced by a factor of 3. Thus there were fewer polymerases active in the nuclei isolated from starved cells.
Since only a fraction of the polymerases are active at any given time ijn vitro, this does not necessarily mean there are fewer polymerases in these nuclei. (See discussion)
RNA Product in a Short Label
It was apparent that there was an increase in trans-1.
2.
3. cription rate iri vivo shortly after refeeding isoleucine (within 3 hours) which was not reflected in vitro (Fig. 2 ) , while the elongation rate iri vitro remained the same. Thus differences in the rate in isolated nuclei was due to a different number of active polymerases iri vitro. This raised the possibility that not all the polymerases active iii vivo were active iii vitro.
To examine this question directly the RNA product formed in a short label was studied.
In the first minute of synthesis the predominant product is low molecular weight RNA and very large RNA. (Fig. 3) Both these products are stable during a chase. In contrast when the nuclei are allowed to incorporate label for 1 minute, 10 minutes after transcription was initiated, the RNA product is different. There is much less low molecular weight RNA made and the average size of the RNA is significantly lower. In 30 minutes of continuous synthesis the stable product which accumulates is high molecular weight RNA and specific low molecular weight RNAs. (9) Thus in the first minute of the reaction, the low-molecular weight RNAs are overrepresented in the product (Fig.  4 ) . These small and large RNAs are completed transcripts formed in one minute as they do not grow during a chase period.
In contrast the RNA larger than 18S labeled in the period from 10 to 11 minutes are growing transcripts which eventually become larger. (Fig. 3 ) .
This result suggests the following model ( There is no accumulation of active RNA polymerase which is not associated with chromatin during starvation ( Figure  3A and 3C was analyzed on 10% polyacrylamide gels and analyzed by fluorography. The product which accumulated in 30 minutes is identical (9) .
Equal amounts of radioactivity (not from equal amounts of nuclei) were applied to each slot. 
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i> . Shortly after replacement of isoleucine the cell recovers the ability to synthesize RNA at a more rapid rate, reaching the level of exponentially growing cells in a few hours.
Starved 16 hours
Again there is no detectable change in the gross RNA product, although histone mRNA synthesis is presumably initiated at 4-5 hours after isoleucine starvation .
The isolated nuclei do not exactly follow the uridine uptake results but decrease in activity faster on starvation and increase in activity more slowly on refeeding than the cells. (Fig. 4) The same phenomenon has been observed in cells growing normally as they reach higher densities. The RNA synthetic capacity of the isolated nuclei decreases before the RNA synthesis rate in the cell does (18) .
The rate of RNA synthesis in isolated nuclei is determined by the level of an unknown factor which is required for chain Transcription by all 3 polymerases is probably activated on feeding isoleucine.
The results may be most simply explained in terms of a model in which the cell detects the change in growth conditions, which affects the level of a factor inside the cell which in turn shifts down the RNA synthesis. This signal is not necessarily, but may be, related to the changes that occur in cell growth. The intriguing observation is that shiftdown may be at a generalized transcription step rather than affecting the activity of RNA polyraerase, as it is identical for all three polymerases. Alternatively, the three polymerases may possess a common site (subunit) which responds to this signal.
Perhaps the most interesting observation is that the situation in mouse myeloma cells is different from that of contact-inhibited fibroblasts (6,23) which have stopped growing at least partially for nutritional deficiency (2, 6) .
A similar phenomenon has been observed on short term starvation of some cells for amino acids (14, 24, 25) . 
